Introduction {#sec1-1}
============

Diabetes mellitus (DM) is characterized by chronic hyperglycemia, resulting from defects in insulin secretion, action, or both, leading to disturbance in carbohydrate, lipid and protein metabolism. There is increasing evidence that complications (macro and microvascular) related to diabetes are associated with oxidative stress, induced by the generation of free radicals.\[[@ref1]\] Prolonged hyperglycemia in uncontrolled DM leads to glucose oxidation, which is believed to be the main source of free radicals.\[[@ref2]\] Diabetic nephropathy is the chief cause of morbidity and premature mortality in patients with insulin-dependent DM.\[[@ref3]\] Since nephropathy among several microvascular disorders could be improved by antioxidants, treatment\[[@ref4]\] compounds with both antihyperglycemic and antioxidative properties would be useful antidiabetic agents. Renewed attention in recent decades to alternative medicines and natural therapies has stimulated a new way of research interest in traditional practices. The plant kingdom has become a target for the search for new drugs and biologically active compounds. Many plant extracts and plant products have been shown to possess significant antioxidant activity, which may be an important property of medicinal plants.

*Phyllanthus amarus* (Euphorbiaceae) can be found in all tropical regions of the world including the Southern India and China. In many countries around the world, plants of genus *Phyllanthus* are used in folk remedies; therefore, this genus is of great importance in traditional medicine. *Phyllanthus amarus* (*P. amarus*) has been claimed to be an excellent remedy for infective hepatitis.\[[@ref5]\] Extract of *P. amarus* exhibited protective action against carbon tetrachloride (CCl4) induced mitochondrial dysfunction.\[[@ref6]\] Methanolic extract of the leaf of *Phyllanthus amarus* showed hepato protection against ethanol induced oxidative stress,\[[@ref7]\] alloxan\[[@ref8]\] and cyclophosphamide-induced oxidative stress in rats.\[[@ref9]\] *P. amarus* extract also possessed anti-tumor, anti-carcinogenic\[[@ref10]\] and anti-inflammatory properties.\[[@ref11]\] Methanol extract of *P. amarus* was reported to have hypoglycemic effect on alloxan induced diabetes mellitus.\[[@ref8]\]

Though experimental studies indicated hepatoprotective role of *P. amarus* against oxidative stress in experimental animals, its nephroprotective effect under diabetic conditions has not yet been evaluated. The present study was, therefore undertaken for systematic evaluation of PAAEt for its antidiabetic, hypolipidemic and antioxidant potential in the kidney of STZ-induced diabetic rats.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Chemicals {#sec3-1}

Chemicals used in the current study were procured from Sigma Chemical Co. (St. Louis, MO, USA), Koch-Light Laboratories (Huntingdon, Cambridgeshire, England), and SISCO Research Laboratories (Maharashtra, India).

### Plant Material {#sec3-2}

An aqueous extract of *P. amarus* (whole plant) (PAAEt; brown, in the form of with batch No. L201121) was purchased from Chemiloids (manufacturers and exporters of herbal extracts), Vijayawada, Andhra Pradesh (India). Prior to preparation of the plant extract, the plan was authenticated by Dr. K. Narasimha Reddy, Taxonomist, Laila impex R and D Center, Vijayawada. Herb-to-product ratio was 10:1. The extract was stored at 0-4°C and dissolved in water just before use.

### Induction of Diabetes to Experimental Animals {#sec3-3}

Two to 2 1/2-months-old male albino Wistar rats of body weight 130 - 150 g were procured from Sri Venkateswara Enterprises (Bangalore, India), acclimatized for 7 days to our animal house, and maintained at standard conditions of temperature and relative humidity, with a 12 hour light/dark cycle. Water and commercial rat feed were provided *ad libitum*. All the procedures were performed in accordance with the Institutional Animal Ethics Committee. Diabetes was induced in overnight fasted rats by a single intraperitoneal (i.p) injection of freshly prepared STZ (55 mg/kg body weight, in ice-cold 0.1 M citrate buffer, pH 4.5, in a volume of 0.1 ml per rat). Seventy two hours after STZ administration, the plasma glucose level of each rat was determined for confirmation of diabetes. Rats with plasma glucose level above 300 mg/dl were considered as a diabetic and used subsequently for further study.

### Experimental Design and Biochemical Analysis {#sec3-4}

In the present experiment, a total of 32 rats (16 diabetic surviving rats; 16 normal rats) were used. The rats were divided in to four groups of 8 each: normal (N-group); normal rats treated with PAAEt (NT-group); diabetic rats untreated (D-group) and diabetic rats treated with PAAEt (DT-group). Groups-DT, NT rats received PAAEt (200 mg/kg body weight) in 2 ml distilled water daily through oral intubation, whereas, 2 ml of distilled water was administered to N and D-rats. Based on preliminary experiments on dose-dependent antihyperglycemic effect of plant extract, a dose less than 200 mg/kg body weight was not found to be effective in rats. Body weight was monitored at 10 days intervals. During the experimental period blood, was collected from 12 hour fasted rats by means of capillary tube through orbital sinus at 10 day intervals. Plasma glucose was estimated by glucose oxidase-peroxidase (GOD-POD) method by using the Span diagnostic kit (Span diagnostic Ltd., Surat, India). Triglycerides, total cholesterol (TC) and HDL-cholesterol (HDL-C) were measured by using Span diagnostic reagent kit. Very-low-density lipoprotein (VLDL) was calculated using formula High triglyceride (TG)/5.\[[@ref12]\] Low-density lipoprotein (LDL) concentration (mg/dl) was estimated indirectly from the measured levels of TG, HDL, and TC using equation LDL = TC - (VLDL+HDL).\[[@ref12]\] Atherogenic index was calculated by the following formula: Atherogenic index = TC/HDL-C.\[[@ref13]\]

At the end of the experimental period (8 weeks), the animals from each experimental group were starved for 16 hours and sacrificed by cervical dislocation. The supernatant obtained from centrifugation of 10% kidney homogenate in 0.15 M potassium chloride (KCl) was used for antioxidant enzyme assays and for estimation of GSH, LPO and protein oxidation. Reduced glutathione was estimated by Ellman method.\[[@ref14]\] The extent of LPO was determined by the method of Utley *et al*.\[[@ref15]\] Protein carbonyl content (protein oxidation) was evaluated by the method of Levine *et al*.\[[@ref16]\] Renal GR (E.C 1.6.4.2), GST (E.C 2.5.1.18), GPx (E.C 1.11.1.9), CAT (E.C 1.11.1.6) and SOD (E.C 1.15.1.1) were assayed by following the methods of Pinto and Bartley,\[[@ref17]\] Habig *et al*,\[[@ref18]\] Rotruck *et al*,\[[@ref19]\] Beers *et al*\[[@ref20]\] and Soon and Tan\[[@ref21]\] respectively. Protein was estimated by the method of Lowery *et al*,\[[@ref22]\] using bovine serum albumin as standard.

### Statistical Analysis {#sec3-5}

The results were expressed as means ± standard error (S.E.) Data were analyzed for significant differences using Duncan\'s multiple range (DMR) test. (*P* \< 0.05).

Results {#sec1-3}
=======

Characteristic symptoms of diabetes such as loss of body weight, polyphagia, polydipsia and polyuria were observed in the D-group. By the end of experimental period of 8 weeks, D-group showed a 14.2% reduction in body weight, whereas N, NT and DT-groups showed an increase in body weight by 60.1%, 90.1% and 38.7%, respectively \[[Figure 1a](#F1){ref-type="fig"}\]. However, DT-group showed a significant increase (61.2%) in body weight compared to D-group during the corresponding period.

![Mean body weight (a) and plasma glucose (b) of Normal (N), Normal treated (NT), Diabetic untreated (DUT) and Diabetic treated (DT) groups during the experimental period. Values are mean ± SE of 8 rats in each group. Values with different superscript letter are significantly different from each other at *P* \<0.05](IJPharm-43-414-g001){#F1}

Data on plasma glucose content of four experimental groups are represented in [Figure 1b](#F1){ref-type="fig"}. N and NT-rats remained persistently euglycemic throughout the experimental period. In the D-rats, plasma glucose level gradually increased during the experimental period from 328.86 ± 9.70 mg/dl to 438.45 ± 2.20 mg/dl. A significant antihyperglycemic effect was evident in DT-rats from 10 days onwards and the decrease in plasma glucose was 74.5% by 60 days of treatment. Thus, the per cent decrease in plasma glucose was 19.6, 24.8, 15.9, 4.5, 6 and 3.9 at 10, 20, 30, 40, 50 and 60 days, respectively.

A significant increase in serum TC (26.1%), triglycerides (44.1%), LDL-C (56.0%) and VLDL-C (46.0%) and a significant decrease in HDL-C (39.1%) in D-rats compared to N-rats resulted in a significant increase in atherogenic index (100.7%). A significant decrease in serum TC (15.5%), triglycerides (18.6%), LDL-C (39.7%), VLDL-C (17.3%) and a significant increase in HDL-C concentration (14.1%) in NT-rats compared to N-rats resulted in a significant decrease in atherogenic index (26.04%). DT-rats showed a significant decrease in serum TC (23.50%), triglycerides (30.25%), LDL-C (45.0%), VLDL-C (30.14%) and atherogenic index (53.57%) and a significant increase in HDL-C concentration (65%) when compared with D-rats. Thus, PAAEt treatment resulted in restoration of lipid profile in DT-rats to normal values \[[Table 1](#T1){ref-type="table"}\].

###### 

Effect of *Phyllanthus amarus* treatment on serum lipid profile of normal and diabetic treated rats
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### Kidney Reduced Glutathione (GSH), Lipid peroxidation and Protein oxidation {#sec3-6}

The relative kidney weight (mg/g body weight) of D-rats was found to be significantly more (4.72 ± 0.02) and was almost the same (4.40 ± 0.06) in NT-rats when compared with N-rats (4.42 ± 0.04). DT-rats, however, showed a significant decrease in relative kidney weight (4.46 ± 0.05) compared to D-rats with no significant change from N-rats.

Normal rats treated with PAAEt (NT-group) showed a significant increase in renal concentration of GSH (8.2%), whereas, DUT rats and DT rats showed a significant decrease in the renal GSH (29.4% and 4.9% respectively) when compared with N-rats. However, DT-rats showed a significant increase in GSH level (32.1%) when compared with D-rats. No significant change in the extent of renal LPO and protein oxidation were observed in NT-rats compared to N-rats. D-rats and DT-rats showed a significant increase in extent of LPO (93.8% and 34.4%) and protein oxidation (21.8% and 3.9%), respectively when compared with N-rats. On the other hand, DT- rats showed a significant decrease in LPO (30.4%) and protein oxidation (14.7%) as compared to D-rats \[[Table 2](#T2){ref-type="table"}\].

###### 

Effect of *Phyllanthus amarus* treatment on renal LPO, protein oxidation, reduced glutathione (GSH) and antioxidant enzyme activities of normal and diabetic treated rats during the study
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### Antioxidant Enzymes {#sec3-7}

The activities of renal antioxidant enzymes in four experimental groups are presented in [Table 2](#T2){ref-type="table"}. The activities of renal GR (9.0%), GPx (4.2%), GST (17%), SOD (5.831%) and CAT (8.3%) were found to be increased significantly in NT-group than those in N-group, while the activities of these enzymes were significantly reduced (28.5%, 19.8%, 13.2%, 30.4%, and 27.6%, respectively) in D-group when compared with N-rats. DT-rats showed a pronounced activity of GPx as compared to D-rats, but this enzyme activity was still significantly lower than in N-rats. GST and GR activities of DT-rats were significantly greater than D-and N-rats. DT-rats showed a significant enhancement in SOD (43.2%) and CAT (34.1%) activities when compared to D-rats and restored later to normal level.

Discussion {#sec1-4}
==========

As expected, STZ-induced D-rats showed the characteristic signs of diabetes such as polyphagia, polydipsia, polyuria, failure to gain body weight, hyperglycemia and hyperlipidemia. Inspite of the increased food consumption, the observed loss of body weight \[[Figure 1a](#F1){ref-type="fig"}\] could be due to the defect in glucose metabolism and excessive breakdown of tissue protein which is a characteristic condition of diabetes.\[[@ref23]\] In DT-group, ingestion of PAAEt effectively prevented these diabetic symptoms, indicating the antidiabetogenic action of this extract. No visible side effects of PAAEt treatment were observed in NT-group, representing the non-toxic nature of PAAEt.

The plasma glucose levels observed in NT and DT-groups during the experimental period clearly indicates that PAAEt does not promote hypoglycemic activity, but exerts antihyperglycemic effect. Chronic treatment of diabetic rats for a 2 month period with PAAEt lowered the plasma glucose level to the near normal levels. The most common lipid abnormalities of diabetes like hypertriglyceridemea, hypercholesterolemea, with enhanced serum LDL and VLDL, and decreased HDL concentration with increased atherogenic index are evident in D-group. High blood cholesterol, triglycerides with increased atherogenic index are important risk factors for cardiovascular diseases.\[[@ref24]\] A significant alteration in the lipid profile of NT-rats compared to N-rats indicates the beneficial effect of PAAEt against cardiovascular diseases. Lipid abnormalities under diabetic conditions may be due to the unlimited action of lipolytic hormones on the fat deposits. Under normal circumstances insulin activates the enzyme lipoprotein lipase which hydrolyses triacylglycerols. However, in diabetes, lipoprotein lipase is not activated due to insulin deficiency, resulting in hypertriglyceridemea.\[[@ref25]\] PAAEt treatment in DT-rats showed antihyperlipidemic effect by restoring the serum lipid profile to near normal values. Lowering of cholesterol and raise in HDL cholesterol are the desirable biochemical states for prevention of atherosclerosis and ischemic conditions.\[[@ref24]\]

Kidneys are dynamic organs and represent the major control system in maintaining the body homeostasis. Kidneys exhibited morphological, biochemical and functional alterations during diabetes. However, treatment with PAAEt for 2 months in DT-group completely prevented the increase in relative kidney weight. Indices of oxidative stress like enhanced LPO, protein oxidation and decreased GSH content observed in the kidney of D-rats, confirms the existence of oxidative stress under diabetic conditions. Enhanced LPO may also play a potential role in progressive reduction in glomerular filtration rate. Similar trend of diminished levels of renal GSH was reported by earlier workers on experimental diabetic rats.\[[@ref26]\] It appears that generation of oxygen radicals by hyperglycemia causes utilization of GSH and thus diminishes plasma GSH levels of DUT rats. The decreased renal GSH content of DUT rats increased the sensitivity of this organ to oxidative injury and may play a role in the development of diabetic nephropathy.\[[@ref26]\] The significant decrease in the extent of LPO and protein oxidation with significant rise in renal GSH content in DT rats compared to DUT rats indicates the protective effect of PAAEt against STZ-induced diabetic oxidative stress. The significant enhancement in renal GSH content of DT rats may be a factor responsible for observed inhibition of LPO and protein oxidation through GSH redox cycle and also direct detoxification of *reactive oxygen species* (ROS) generated. The enhanced renal GSH content of NT compared to N-rats indicated increased reserves of free radical scavengers by PAAEt treatment.\[[@ref27]\]

Peroxides produced in a cell can be detoxified by the action of GPx and CAT. GPx is specific for its hydrogen donor GSH, and non-specific for the hydroperoxides ranging from H~2~O~2~ to organic peroxides, thus offering a major defense role in cells against peroxidative damage of complex biochemical compounds such as lipids and nucleic acids. GST is a multifunctional protein with a broad specificity for organic hydroperoxides but not for H~2~O~2~. It also plays an important role in detoxification of xenobiotic compounds thereby protecting the cell from peroxidative damage.\[[@ref28]\] The significant reduction in the activities of GR, GPx and GST of D-group compared to N-group reflects the enhanced oxidative stress under diabetic condition. However, in the available literature the response of antioxidant enzymes in diabetes have been unclear. Diabetes has been reported to be associated with either increased,\[[@ref29]\] decreased\[[@ref30]\] or unchanged\[[@ref31]\] activities of antioxidant enzymes in various tissues. The decreased activity of GR in D-rats may lead to decreased generation of GSH from oxidized glutathione (GSSG). The decreased levels of renal GSH noticed in D-rats may be one of the factors for the decreased activities of GPx and GST. Thus, the decreased activities of renal GPx and GST of D-rats may be responsible for elevated renal LPO observed in this group of animals. Administration of PAAEt to DT-rats resulted in increased activities of renal GR, GPx and GST compared to D-rats, indicating the protective effect of PAAEt treatment against oxidative damage observed in STZ-induced diabetes.

Superoxide dismutase is an important defense enzyme that catalyses the dismutation of superoxide radicals.\[[@ref32]\] The superoxide anion is known to inactivate CAT, which is a hemoprotein that catalyses the reduction of hydrogen peroxides and protects the tissues from highly reactive hydroxyl radicals.\[[@ref33]\] The observed reduction in the activity of these enzymes in D-group may result in a number of deleterious effects due to the accumulation of superoxide radicals and H~2~O~2~. In DT-group chronic administration of PAAEt resulted in restoration of these enzyme activities to the normal level. Increased activities of renal GR, GRx, GST, SOD and CAT in NT-rats compared to N-rats indicate an improved antioxidant status of NT-rats by chronic ingestion of PAAEt.

Conclusion {#sec1-5}
==========

The results suggest that the PAAEt not only possesses antihyperglycemic and hypolipidemic properties, but also reduces diabetic induced renal oxidative stress. This study indicates that the PAAEt is useful for diabetes and helps to prevent or delay the onset of diabetic complications such as diabetic nephropathy. Further studies are warranted to identify the active antihyperglycemic compounds and investigate the mechanism of antihyperglycemic and antioxidant actions of the PAAEt.
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